Pressure distribution in heavy oil reservoir was numerical simulated by calculating varying-coefficients Darcy's equation with boundary element method (BEM) in this paper. Permeability coefficients of Darcy's equation at different parameters were numerical simulated firstly. Then the pressure contours of nine-spot pattern were given. The simulated results show that the particle shape coefficient and kinematic viscosity have major impact on permeability coefficient. In addition, the influence of permeability coefficient on seepage pressure is obvious. Numerical simulated results can provide quantitative theoretical basis for the well deployment and production estimation in the heavy oil exploitation. The reasonable numerical results indicate that the BEM is effective in dealing with heavy oil seepage problems.
Introduction
The main way to understand the seepage properties of heavy oil is to solve the Darcy's equation [1, 2] . The seepage characteristics of heavy oil are so complex that it shows non-linear characteristics sometimes [3, 4] or does not follow the conventional Darcy's law [5] [6] [7] . Permeability coefficient is an important parameter for Darcy's equation and has a great influence on seepage [8] [9] [10] [11] . Accurate permeability coefficients can provide basis for seepage problem and also can minimize exploration and production errors [12, 13] . It is assumed that the permeability coefficient is fixed for ideal condition. However, Darcy's equation is generally a variable coefficient equation due to the different geographic environment and complex composition of heavy oil.
Many scholars have carried out a series of studies on heavy oil seepage. DOU et al studied the typical non-linear model of porous media seepage in low permeability reservoirs in order to understand the fluid flow law [14] . Wang et al numerically simulated the seepage in fractured porous media with weak galerkin finite element methods, which proved that the method was accurate and stable for the shape of the mesh and the permeability of the fracture [15] . The results of Timothy et al given the relationship between porosity and permeability coefficient [16] . Abdullin et al proposed a numerical method for porous fracture seepage characteristics and described the relationship between permeability coefficient and pressure [17] .
On the basis of previous studies, the effects of porosity, particle diameter, kinematic viscosity and particle shape coefficient on permeability coefficient will be further explored in this paper. Pressure distribution of heavy oil seepage at different particle shape coefficient and kinematic viscosity will be calculated by BEM.
Darcy's Equation and BEM
The main purpose of this paper is to get the seepage field distribution of heavy oil at different porosity and particle shape coefficient by solving variable coefficient Darcy's equation. The numerical simulation method can be used to calculate the seepage field of heavy oil. The numerical calculation method can be divided into regional discretization and boundary discretization according to the discretization scheme. Compared with the BEM, the computation of regional discretization is relatively heavy. The main method of boundary discretization is BEM. BEM can convert the differential equations in the region into boundary integral equations, that is to say, it can convert a two-dimensional problem into a one-dimensional problem, as a result, the computation is greatly reduced. The process of solving Darcy's equation by BEM is as follows:
Two-dimensional scalar formulas of Darcy's equation can be written as [18] xx yy u vk
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Where v x and v y are the Darcy's velocities, k x and k y are the permeability coefficients in x and y directions separately. u is potential function and equivalent to the pressure of heavy oil seepage. Supposing the oil reservoir is homogeneous, the permeability coefficient can be defined by the Eq. (2) [19]   32 2 2 20.4
Where g is gravitational acceleration and
, m is porosity, b is fracture width, d is particle diameter of sand,  is kinematic viscosity,  is particle shape coefficient. The following procedure is to solve the Eq. (1) by using the BEM. Suppose Q(x,y) is the source in the internal region Ω, then the continuity equation can be written as
The definite solution problem can be obtained by combined continuity equation and governing equation. The boundary integral equation in Eq. (4) is calculated by using weighted residual method and integral method.
Then the discretization form of Eq. (4) can be written as * * *
Pressure distribution of heavy oil seepage can be numerical simulated when the Eq. (5) is obtained. Physical significance of each parameter and the details of the computational process of the Eq. (4) and Eq. (5) can be gained in Ref. [20] .
Numerical Results and Discussion
The permeability coefficient in Eq. (2) is influenced by many factors, therefore, we discuss the variation of permeability coefficient firstly. When 0.05 b  and 1   , permeability coefficients at different kinematic viscosity were given in Fig. 1 for (c). The maximum value of permeability coefficient decreases from 0.5 to 0.025 when the kinematic viscosity increases from 0.01 to 0.2. The permeability coefficient decreases obviously with the increase of kinematic viscosity, which because the resistance between fluid and reservoir increases when the kinematic viscosity increases, the increase of resistance cause the decrease of permeability coefficient. The evolution of permeability coefficients at different particle shape coefficients when 0.01
is given in Fig. 2 . The values of particle shape coefficient in (a), (b) and (c) are 1.5, 2.5 and 3.5 respectively. The permeability coefficient in (c) is about 5 times as much as that in (a) which indicates particle shape coefficient has apparent effect on permeability coefficient. The fracture width has minor effect on permeability coefficient for current parameters. The common characteristics for permeability coefficients in Figs. 1-3 are that the permeability coefficients increase with the increase of porosity and particle diameter. The permeability coefficients at different parameters have been discussed in Figs. 1-3 . In the following section, we will discuss the pressure distribution in the seepage field of heavy oil with different permeability coefficients. Nine-spot pattern of heavy oil is considered in this paper. There are symmetrically nine wells in a square oil field (dimensionless side length is 10). Injection well is in the center of the square and other eight production wells are symmetrically distribute. Pressure distribution of the heavy oil seepage is given in Fig. 4 . In (a) of Fig. 4 , pressure contours (solid line corresponding to the permeability coefficient of (a) in Fig. 1 , dash line corresponding to the permeability coefficient of (c) in Fig. 1 ) are separated because the permeability coefficients has great difference. Pressure contours in (b) of Fig. 4 corresponding to the permeability coefficients of (a) (solid line) and (c) (dash line) in Fig. 2 , pressure distribution is similar with that of (a) in Fig. 4 . In (c) of Fig. 4 , solid line (corresponding to the permeability coefficient of (a) in Fig. 3 ) and dash line (corresponding to the permeability coefficient of (c) in Fig. 3 ) coincide completely because the permeability coefficient almost equivalent. 
Summary
The varying-coefficients Darcy's equation is numerical calculated by BEM in this paper. Permeability coefficients at different parameters and pressure distributions of nine-spot are simulated. In summary, the major contributions of this study are as follows.
(1) The permeability coefficients decrease obviously with the increase of kinematic viscosity.
(2) Particle shape coefficient has apparent effect on permeability coefficient.
(3) Pressure distribution of heavy oil seepage varies with permeability coefficient which indicates correctness of model and stability of computation.
(4) It only takes a few seconds to calculate the pressure distribution of heavy oil in this area with the BEM, and the calculation accuracy is very high. This shows that the BEM has the characteristics of simplicity and high efficiency in dealing with seepage problems.
